High Rate Detection of Volatile Products Using Differential Electrochemical Mass Spectrometry: Combining an Electrode-Coated Membrane with Hydrodynamic Flow in a Wall-Tube Configuration by Venkatachalam, Subramanian et al.
Chemistry Publications Chemistry
5-2013
High Rate Detection of Volatile Products Using
Differential Electrochemical Mass Spectrometry:
Combining an Electrode-Coated Membrane with
Hydrodynamic Flow in a Wall-Tube Configuration
Subramanian Venkatachalam
Iowa State University
Robert J. Angelici
Iowa State University, angelici@iastate.edu
L. Keith Woo
Iowa State University, kwoo@iastate.edu
Andrew C. Hillier
Iowa State University
Follow this and additional works at: http://lib.dr.iastate.edu/chem_pubs
Part of the Chemical Engineering Commons, and the Chemistry Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
chem_pubs/773. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Chemistry at Iowa State University Digital Repository. It has been accepted for inclusion
in Chemistry Publications by an authorized administrator of Iowa State University Digital Repository. For more information, please contact
digirep@iastate.edu.
High Rate Detection of Volatile Products Using Differential
Electrochemical Mass Spectrometry: Combining an Electrode-Coated
Membrane with Hydrodynamic Flow in a Wall-Tube Configuration
Abstract
We present an experimental system that combines differential electrochemical mass spectrometry with
hydrodynamic flow consisting of an impinging jet in a wall-tube configuration. This assembly allows
simultaneous detection of electrochemical signals along with monitoring of dissolved gas species using
differential electrochemical mass spectrometry under well-defined hydrodynamic conditions and over a wide
range of mass transfer rates. The working electrode is deposited directly onto a thin, hydrophobic membrane,
which also serves as the inlet to the mass spectrometer. This inlet provides extremely rapid mass detection as
well as a high flux of products from the electrode surface into the mass spectrometer. The impinging jet is
designed in a wall-tube configuration, in which the jet diameter is large compared to the electrode diameter,
thus providing uniform and rapid mass transfer conditions over the entirety of the electrode surface. This
combination of rapid detection and controllable flow conditions allows a wide range of hydrodynamic
conditions to be accessed with simultaneous electrochemical and mass spectrometric detection of dissolved
gas species, which is important in the analysis of a range of electrochemical reactions. The capabilities of this
configuration are illustrated using a platinum-coated electrode and several electrochemical reactions,
including ferrocyanide oxidation, proton reduction, and oxalic acid oxidation.
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ABSTRACT: We present an experimental system that combines
diﬀerential electrochemical mass spectrometry with hydrodynamic ﬂow
consisting of an impinging jet in a wall-tube conﬁguration. This assembly
allows simultaneous detection of electrochemical signals along with
monitoring of dissolved gas species using diﬀerential electrochemical
mass spectrometry under well-deﬁned hydrodynamic conditions and
over a wide range of mass transfer rates. The working electrode is
deposited directly onto a thin, hydrophobic membrane, which also serves
as the inlet to the mass spectrometer. This inlet provides extremely rapid
mass detection as well as a high ﬂux of products from the electrode
surface into the mass spectrometer. The impinging jet is designed in a
wall-tube conﬁguration, in which the jet diameter is large compared to
the electrode diameter, thus providing uniform and rapid mass transfer
conditions over the entirety of the electrode surface. This combination of rapid detection and controllable ﬂow conditions allows
a wide range of hydrodynamic conditions to be accessed with simultaneous electrochemical and mass spectrometric detection of
dissolved gas species, which is important in the analysis of a range of electrochemical reactions. The capabilities of this
conﬁguration are illustrated using a platinum-coated electrode and several electrochemical reactions, including ferrocyanide
oxidation, proton reduction, and oxalic acid oxidation.
The characterization of electrochemical processes hasbeneﬁted tremendously from the ability to combine
traditional electrochemical measurements with complementary
analytical techniques.1 One of the more notable coupled
methods that allows direct measurement of both the quantity
and identity of solution species involved in electrochemical
reactions is one that combines an electrochemical interface with
a mass spectrometer. This was originally accomplished by using
a Teﬂon-coated frit to separate the aqueous phase of an
electrochemical cell from the vacuum present within a mass
spectrometer, thus allowing volatile gases to diﬀuse from the
solution phase into the spectrometer for detection.2 Subsequent
improvements included the introduction of diﬀerential electro-
chemical mass spectrometry (DEMS), which substantially
reduced detection time by connecting the electrochemical cell
directly to the ionization chamber of the mass spectrometric
system and thereby signiﬁcantly increased the gas ﬂux into the
detector.3 Coupled electrochemical mass spectrometric techni-
ques have further been extended to detect nonvolatile
products,4 for use during the indirect detection of solid and
single crystal electrodes,5 for scanning detection near electrode
surfaces,6 combined with quartz crystal microbalance,7
combined with infrared reﬂection measurements,8 and in
several conﬁgurations coupled to hydrodynamic electrolyte
ﬂow, as will be discussed below. Several reviews on these
techniques have been published.9
One of the diﬃculties encountered when studying electro-
chemical reactions with DEMS measurements involves mass
transfer limitations near the electrode surface. When reactant
solubility is low and reactions occur at mass transfer limited
conditions, it is diﬃcult to quantitatively study electrochemical
reaction kinetics. Hydrodynamic electrochemical techniques
such as the rotating disc electrode (RDE) and impinging jets
were designed to overcome such limitations. These techniques
facilitate the examination of reaction kinetics by providing well-
deﬁned and enhanced mass transfer rates to an electrode
surface. The RDE technique exploits electrode rotation to
induce a centrifugal ﬂow at the electrode surface.10 For
stationary electrodes, the impinging jet electrode can be used to
direct rapid ﬂow to an electrode surface, which creates a thin
boundary layer and associated high mass transfer rates to the
surface. The hydrodynamics associated with an impinging jet
form a stagnation region at the center of the electrode surface
that is surrounded by a decaying radial ﬂow away from the
electrode’s center in the wall-jet region.11 Impinging jet
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electrodes are generally classiﬁed according to two limiting
types, wall-tube and wall-jet electrodes, whose classiﬁcation is
based on the electrode and the nozzle dimensions.12 Wall-tube
electrodes involve a smaller electrode with a jet formed from a
larger nozzle in such a way that the electrode falls completely
within the stagnation region, giving a uniformly accessible
electrode surface.12 In contrast, wall-jet electrodes are
conﬁgured with the jet from a smaller nozzle impinging on a
larger electrode in such a way that the electrode extends into
the wall-jet region.13 Impinging jet electrodes can be
implemented using either a thin layer ﬂow cell or a large
volume cell.14
Hydrodynamics have been integrated into electrochemical
mass spectrometric techniques in several ways. Examples
include the use of a rotating vacuum feed to integrate RDE
with mass spectrometry15 and the use of a dual, thin layer cell
designed to integrate a wall-jet electrode with a DEMS detector
system.5b,7 A design based upon the latter has also been used in
the context of a hydrodynamic DEMS system coupled to a
quartz crystal microbalance electrode.7 A recent example of an
advanced hydrodynamic system used a generator/detector
electrode arrangement combined with channel ﬂow and a
DEMS detection system16 while another demonstrated the
combination of ﬂow with a hanging meniscus electrode.17
In a 2012 report, a unique hydrodynamic DEMS system was
described that coupled a wall-jet electrode conﬁguration to
online mass spectrometry using a solid disk electrode
embedded in a porous Teﬂon ring, with the latter serving as
the inlet to a mass spectrometer.18 This electrode/jet design
provided hydrodynamic online mass spectrometry that
functioned in traditional, large volume electrochemical cells
and could be used to interrogate large solid electrodes and even
single crystal surfaces. However, it did exhibit a limitation
related to a relatively low permeability rate of dissolved gases
through the porous Teﬂon ring. This low permeability resulted
in reduced collection eﬃciencies (of the mass spectral signals)
at high ﬂuid ﬂow rates.
Here, we describe a variation on this method that borrows
from the original DEMS design where the working electrode is
deposited directly onto a thin, hydrophobic membrane, which
also serves as the inlet to the mass spectrometer. This
conﬁguration, although restricted to electrode materials that
can be formed as thin, coated layers, is relatively simple yet
allows for a very rapid and high ﬂux of volatile solution species
into the DEMS detector, with no apparent permeability
limitations over the range of ﬂow rates examined. By attaching
the membrane electrode to a small length of tubing, we also
allow for electrochemical measurements in large volume cells.
This is then combined with a wall-tube impinging jet through
which the hydrodynamic conditions at the electrode surface can
be controlled and widely varied over a large range of ﬂow rates.
Example reactions used to probe the capabilities of this method
include ferrocyanide oxidation, proton reduction, and oxalic
acid oxidation.
Figure 1. Schematic diagram of electrochemical cell and system components for combined DEMS with a wall-tube impinging jet. The
electrochemical cell includes gas purge lines, a Hg/Hg2SO4 reference electrode, a counter electrode compartment, and a metal-coated membrane as
working electrode that is directly attached to the DEMS inlet. The wall-tube impinging jet includes a high ﬂow peristaltic pump with tubing and
nozzle directed at the working electrode. (Inset) Details of the working electrode/membrane/impinging jet conﬁguration with dimensions noted
(nozzle diameter = 1.06 mm, electrode diameter = 1.22 mm, DEMS inlet diameter = 0.508 mm).
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■ EXPERIMENTAL SECTION
A schematic of the impinging jet/DEMS system used in this
work is illustrated in Figure 1, including the electrochemical
cell, ﬂuid pumping system, and mass spectrometer. The
electrochemical cell consisted of a 150 mL glass beaker with
electrochemical and auxiliary components mounted through a
gastight Teﬂon lid. The working electrode consisted of a thin
layer of Pt sputtered onto a porous, hydrophobic membrane.
The membrane (extended PTFE, Gore-Tex, 20 nm pore
diameter, 75 μm thickness, and 50% porosity) was mounted on
one end of the 1/16 in. PTFE tube and held in position using
heat shrink, Teﬂon tubing. The PTFE tube was directly
attached to the mass spectrometer inlet. Several prepared PTFE
tubes with membranes were prepared as working electrodes by
sputter coating a thin Pt ﬁlm. The PTFE tubes were mounted
in an aluminum disc in an array of 1/16 in. holes, which was
then ﬁxed to the substrate holder of a sputtering system. A
sputter-up-type sputtering system (ATC 1800-F, AJA Interna-
tional) was used for DC sputtering of ∼100 nm of Pt onto the
membranes. The sputtering system was equipped with a quart
crystal thickness monitor (TM-350/400, Maxtek) to measure
the ﬁlm thicknesses. Pt sputtering was achieved using a DC
power of 112.5 W, an argon ﬂow of 25 sccm, a chamber
pressure of 7.4 mTorr, and a substrate rotation rate of 20 rpm.
Following deposition, silver epoxy was used to make electrical
contact to the Pt ﬁlm. Heat shrink tubing was then used to
cover and insulate areas other than the exposed Pt ﬁlm over the
membrane.
The impinging jet consisted of a custom 1/16 in. (nominal)
diameter PTFE nozzle, which was ﬁxed to the end of a
contoured glass tube and positioned directly beneath the
membrane/working electrode. The glass tube and nozzle were
secured to a manual positioning stage for control of the nozzle
position and to maintain the nozzle-electrode gap. The nozzle
and tubing were connected to a high ﬂow-rate peristaltic pump
(Peri-Star 291, World Precision Instruments) with a maximum
rotation rate of 100 rpm. The pump was equipped with a four
channel pump head possessing eight rollers (to reduce
pulsation), and the four channels were combined using a
manifold ﬁtting to give a maximum pumping rate of 127 mL/
min (or 2.11 cm3/s).
The mass spectrometer consisted of an HPR-20 gas analysis
system with a HAL RC quadropole mass spectrometer and a
QIC Fast sampling capillary inlet (Hiden Analytical Inc.). The
vacuum pumping system had a 60 L/s turbo pump (Edwards,
Model EXT75DX) backed by a 2.2 m3/h two-stage, rotary vane
pump (Edwards, Model E2M1.5) on the mass spectrometer’s
main ionization chamber and a high capacity (6.7 m3/h) dry
scroll pump (Edwards, Model XDS 5) attached through a
variable exhaust valve for diﬀerential pumping of the backside
of the membrane electrode. Electrochemical experiments were
performed using a CH Instruments model 760B electro-
chemical workstation (CH Instruments Inc., Austin, TX). A Pd
coil (100% Pd wire, 0.2 mm, SPI Supplies, West Chester, PA)
was used as the counter electrode. A 12 mm diameter glass tube
(Ace Glass Inc.) with a porous frit was used as the counter
electrode compartment, with the porous frit serving to separate
the counter electrode reaction from the working electrode
compartment. A mercury/mercurous sulfate reference electrode
(CHI 151, CH Instruments Inc., Austin, TX) was used as the
reference electrode.
All experiments are performed with Nanopure water with
resistivity of 18 MΩ (Barnstead Inc.). Electrolyte solutions
were prepared from reagent grade chemicals: potassium sulfate
(Fischer), potassium ferrocyanide trihydrate (A.C.S. reagent
grade, Aldrich), potassium ferricyanide (Aldrich), sodium
perchlorate monohydrate (Fischer), perchloric acid (70%
reagent A.C.S, Fischer), sulfuric acid (certiﬁed A.C.S plus,
Fischer), and oxalic acid dihydrate (certiﬁed A.C.S crystalline,
Fischer).
■ RESULTS AND DISCUSSION
The quality of the sputtered Pt membrane electrode was
veriﬁed by performing cyclic voltammetry in an acidic solution.
Figure 2 illustrates a typical cyclic voltammogram of a sputtered
Pt membrane electrode in a 0.1 M H2SO4 solution. The
response includes a well-deﬁned set of underpotential hydrogen
adsorption/desorption peaks between −0.4 and −0.6 V (vs
Hg/Hg2SO4). A featureless double layer region during the
positive-going scan between −0.4 and 0.2 V reﬂects a clean
surface. The characteristic Pt oxidation peak begins at 0.2 V,
and the corresponding oxide reduction peak appears at 0.0 V
on the return scan. All of these features are typical of a clean,
polycrystalline Pt surface in a sulfuric acid solution.19 A
roughness factor of 10 ± 2 was determined for this sputtered
electrode based upon the charge associated with hydrogen
adsorption.
The ﬂow characteristics of the impinging jet and membrane
electrode were determined via oxidation of ferrocyanide as a
function of ﬂuid ﬂow rate through the jet. Figure 3A depicts a
series of potential scans in a 5 mM solution of Fe(CN)6
3+ in 0.2
M K2SO4 over a range of jet ﬂow rates ranging from a stagnant
solution up to a maximum ﬂow rate of 2.11 cm3/s. In all cases,
the current increases at potentials above −0.2 V as the
oxidation of ferrocyanide commences. The current then reaches
a plateau value indicating mass transfer limited oxidation rates
at more positive potentials. As the ﬂow rate through the jet
increases, there is a corresponding increase in the plateau
current. Oscillations are observed in the current at the two
lowest ﬂow rates of 0.1 and 0.2 cm3/s, which can be ascribed to
ﬂuid pulsation from the peristaltic pump. These oscillations
diminish at higher ﬂow rates.
According to theoretical predictions, the limiting current for
an impinging jet follows one of two limiting trends with
increasing ﬂow rate, depending upon the relative diameter of
the nozzle to that of the electrode. For a wall-tube
Figure 2. Cyclic voltammogram of a 100 nm thick, Pt-coated
membrane electrode in argon-purged aqueous solution containing 0.1
M H2SO4 (electrode diameter: 1.22 mm; Pt layer thickness: 100 nm;
scan rate: 100 mV/s).
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conﬁguration, which occurs under conditions where the jet
nozzle radius (rT) is greater than half the electrode radius (R),
the electrode can be considered to be uniformly accessible
(with uniform mass transfer across the electrode surface) and
the limiting current is described by20
π υ= − − ∞i R nFD V r c0.61lim 2 2/3 1/6 f1/2 T 3/2 (1)
where R is the electrode diameter, D is the diﬀusion coeﬃcient,
ν is the kinematic viscosity, Vf is the ﬂuid ﬂow rate, rT is the
radius of the jet nozzle, and c∞ is the bulk concentration of the
reacting species. According to eq 1, the limiting current will
increase in proportion to the square root of the ﬂow rate. For a
wall-jet conﬁguration, where the nozzle diameter is less than
one-eighth of the electrode diameter, the limiting current is
described by21
υ= − − ∞i k R nFD V d c(1.60 )lim 3/4 2/3 5/12 f 3/4 T 1/2 (2)
where dT is the jet nozzle diameter and k is a constant. The
relationship shown in eq 2 predicts an increase in limiting
current that is proportional to the 3/4 power of the ﬂow rate.
For the ferrocyanide data measured here, Figure 3B depicts the
limiting electrochemical current (ilim) measured at 0.4 V versus
the square root of the ﬂow rate (Vf
1/2). The experimentally
measured limiting current values fall uniformly along a straight
line on this plot, indicating that the ﬂow characteristics of the
impinging jet are indeed following that of the wall-tube
conﬁguration. This behavior is also consistent with the nozzle
and electrode sizes, which are of approximately the same
diameter for this system. A best ﬁt of the data provides a ﬂow-
rate dependence to the power of 0.48, which is an excellent
match to the theoretical prediction for a wall-tube ﬂow for an
impinging jet. At the highest ﬂow rate achievable with this
system of Vf = 2.11 cm
3/s and a nozzle diameter of 0.158 cm,
this jet provides hydrodynamic conditions equivalent to a RDE
at a rotation rate of ∼14 000 rpm.10,20
The working electrode conﬁguration used in this work,
where the electrode material is deposited directly onto a thin,
hydrophobic membrane, allows for rapid sampling of dissolved
gases near the electrode interface when the electrode is
attached to the inlet of a mass spectrometer. Figure 4 depicts
the results of a mass spectral cyclic voltammogram (MSCV) of
the Pt-coated membrane electrode in a solution containing 0.1
M NaClO4 and 1 mM HClO4. In this measurement, the
electrode potential is scanned (at 5 mV/s) while electro-
chemical current (if) is recorded (Figure 4A) as well as mass
spectral signals corresponding to hydrogen (iH2, m/z = 2 amu)
(Figure 4B) and oxygen (iO2, m/z = 32 amu) (Figure 4C).
Scanning the electrode potential between the solvent limits in
this solution results in several reactions that can be observed
both in the electrochemistry and in the mass spectral signals.
Four regions and their corresponding reactions contributing to
the recorded responses are identiﬁed in the ﬁgure.
Region (i)
→ + ++ −H O 12O 2H 2e2 2 (3)
Region (ii)
+ + →+ −1 2O 2H 2e H O2 2 (4)
Region (iii)
+ →+ −H e 1 2H2 (5)
Region (iv)
+ → +− −H O e 1 2H OH2 2 (6)
Figure 3. (A) Diﬀusion-limited ferrocyanide oxidation (scan rate = 5
mV/s) at the Pt-coated membrane electrode with diﬀerent jet ﬂow
rates ranging from 0 up to 2.11 cm3/s in argon-purged aqueous
electrolyte containing 0.2 M K2SO4, 5 mM K4[Fe(CN)6], and 5 mM
K3[Fe(CN)6]. (B) Plot of limiting current (ilim) of ferrocyanide
oxidation versus square root of jet ﬂow rate (Vf
1/2).
Figure 4. Electrochemical and mass spectral response of Pt-coated
membrane electrode in argon-purged solution containing 0.1 M
NaClO4 and 1.0 mM HClO4 at a scan rate of 5 mV/s. (A)
Electrochemical (Faradaic) current (if), (B) H2 ion current (iH2, m/z =
2 amu), and (C) O2 ion current (iO2, m/z = 32 amu). Regions (i), (ii),
(iii), and (iv) represent diﬀerent reactions on the Pt surface, as
described in the text.
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In region (i), oxidation of water (eq 3) occurs on the Pt surface
as the potential is scanned positive, commencing at values of
∼1 V. This is indicated by a substantial increase in
electrochemical current (Figure 4A) at these potential values.
The oxygen that is generated by this reaction is readily detected
by the ion current associated with a mass of 32 amu (iO2)
(Figure 4C). The magnitude of the oxygen ion current reﬂects
the rate of oxygen production at the electrode and is tracked
with the increase in electrochemical current, as well as the
decrease when the potential is reversed at the highest limit.
During the reverse scan, the electrochemical and oxygen ion
currents decrease back to zero and remain there until oxygen
reduction begins (eq 4) during the reverse scan at ∼−0.25 V at
region (ii), where a drop in the iO2 signal is observed. A further
decrease in potential initiates hydrogen evolution (eq 5) in
region (iii). Under these conditions, the solution pH has a value
of ∼3, and hydrogen evolution occurs at a mass transfer limited
rate. Scanning the potential beyond −1 V results in further
hydrogen production via the reduction of water (region (iv), eq
6).
The impact of ﬂow on the electrochemical and mass spectral
responses can be seen by tracking the hydrogen evolution
reaction in region (iii) versus ﬂow rate through the impinging
jet. Figure 5 depicts a series of linear potential sweep
measurements tracking the electrochemical current (Figure
5A) and hydrogen ion current (Figure 5B) as a function of ﬂuid
ﬂow rate. The ﬂow through the jet is varied from 0 up to a
maximum of 2.11 cm3/s. In each current trace, the electro-
chemical current and the hydrogen ion current increase as
hydrogen evolution begins and then plateau to reﬂect mass
transfer limited conditions. Although the hydrogen evolution
reaction becomes mass transfer limited under these conditions,
there is slight increase in the magnitude of current at decreasing
potentials in this region. This is likely due to overlap with the
onset of water reduction at these potentials, as seen in Figure
4A.
A plot of the limiting current values versus the square root of
the ﬂow rate (Figure 6A) again provides a straight line,
indicating wall-tube ﬂow behavior consistent with eq 1. This
behavior is seen in both the electrochemical current (if) and the
hydrogen ion current (iH2). In addition, a plot of the
electrochemical current versus the hydrogen ion current
(Figure 6B) provides a straight line. This indicates that the
collection eﬃciency of the mass spectrometer is unchanged
with increasing ﬂow and that the permeability of hydrogen
through the membrane into the detector is suﬃciently fast so as
not to pose a detection limitation. Indeed, given that the
highest ﬂow rate achieved in this system is equivalent to a RDE
rotating at 14 000 rpm, sampling by the mass spectrometer
must be occurring at a very high rate.
As a test of another reaction involving the production of gas-
phase species, we examined the oxidation of oxalic acid. A
MSCV for this reaction at several diﬀerent solution ﬂow rates is
depicted in Figure 7 at a Pt-sputtered membrane electrode in
an argon-purged electrolyte containing 0.5 M H2SO4 and 5 mM
oxalic acid. The electrochemical current (if) in Figure 7A shows
an increase in current starting at ∼0.4 V corresponding to the
oxidation of oxalic acid (H2C2O4).
→ + ++ −H C O 2CO 2H 2e2 2 4 2 (7)
This reaction proceeds with the consumption of oxalic acid and
the production of CO2. Indeed, tracking of the ion signal for
carbon dioxide (iCO2, m/z = 44 amu) shows an increase in CO2
ion current simultaneously with the increase in electrochemical
current. At no ﬂow conditions, the diﬀusion limited oxalic acid
oxidation current is dominated by the oxide layer formation at
Figure 5. Electrochemical and mass spectral responses of Pt electrode
during proton reduction at ﬂow rates of 0, 0.105, 0.422, 1.26, and 2.11
cm3/s in an aqueous solution containing 0.1 M NaClO4 and1.0 mM
HClO4 at a scan rate of 5 mV/s. (A) Electrochemical current (if) and
(B) H2 ion current (iH2, m/z = 2 amu).
Figure 6. (A) Plot of limiting electrochemical current (if,lim) and
limiting mass spectral signal for H2 ion current (iH2,lim, m/z = 2 amu)
measured at a potential of −1.1 V (vs Hg2HgSO4) versus square root
of ﬂow rate (Vf
1/2) through impinging jet. (B) Plot of limiting
electrochemical current (if,lim) versus limiting mass spectral signal for
H2 ion current (iH2,lim, m/z = 2 amu).
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the Pt electrode ﬁlm. Therefore, the diﬀusion limited current is
not well developed (Figure S.1, Supporting Information).15a
Nevertheless, the reaction current does plateau in the region
between 0.6 and 0.8 V. A measurement of the oxygen ion
current (iO2) shows a featureless response until the onset of
water oxidation, where an increase in the oxygen signal appears.
As was observed in the case of the ferrocyanide oxidation and
hydrogen evolution reactions, the impact of increasing ﬂow
from the impinging jet is to increase the rate of mass transfer to
the surface, and consequently, the measured electrochemical
and mass spectral currents also increase. As the ﬂow is
increased from 0 up to 2.11 cm3/s, the electrochemical current
(Figure 7A) and carbon dioxide ion current (Figure 7C) both
increase according to the wall-tube proﬁle (Figure S.2,
Supporting Information). A plot of the electrochemical current
versus the carbon dioxide ion current (Figure 8) displays a
linear dependence. Thus, just as was observed with the
hydrogen evolution reaction, the collection eﬃciency at the
mass spectrometer remains constant over the entire range of
sampled ﬂow rates. This indicates a very rapid ﬂux of carbon
dioxide into the detector that is not limited due to insuﬃcient
permeation rates through the membrane. The high ﬂux of
species into the mass spectrometer in the conﬁguration
described here is due to the fact that the electrode material is
deposited directly on the membrane surface, and the thickness
of the membrane (ca. ∼75 μm) is suﬃciently small as to not
pose a limitation to transport of gases into the mass
spectrometer. Indeed, if one estimates the mass transfer rates
to the electrode surface at the highest jet ﬂow rate, it remains
approximately 1 to 2 orders of magnitude lower than that
through the mass spectrometer’s membrane inlet.
■ CONCLUSIONS
In this work, we describe a conﬁguration of diﬀerential
electrochemical mass spectrometry that employs a wall-tube
impinging jet to provide controlled hydrodynamic conditions
and rapid mass transfer of solution species to the electrode
surface. By combining this with an electrode design that
exploits a very thin, coated membrane as the inlet to the mass
spectrometer, we are able to achieve high ﬂux rates of volatile
solution species into the spectrometer and achieve uniform
collection eﬃciency that is maintained over a large range of
hydrodynamic conditions. Although this conﬁguration is
limited to electrodes in the form of thin, coated layers, it
does provide an improvement in terms of the range of
hydrodynamic conditions that can be accessed and quantita-
tively measured using the mass spectrometer.
The performance of this system in terms of ﬂow character-
istics and electrochemical/chemical detection has been
demonstrated using several common electrochemical reactions,
including ferrocyanide oxidation, hydrogen evolution, and
oxalic acid oxidation. The hydrodynamics clearly followed a
wall-tube ﬂow characteristic, which has the beneﬁt of providing
a uniformly accessible electrode, where mass transfer is equal
over the entire electrode surface. Our ﬂow system was able to
achieve hydrodynamic conditions similar to that achieved in a
RDE at rotation rates near 14 000 rpm, although this
performance could be increased with simple modiﬁcations to
enhance the pumping system. Most notably, even at the highest
ﬂow rates, we were able to demonstrate rapid species detection
in the spectrometer, reﬂecting a uniform collection eﬃciency.
We anticipate that this instrument design can be used to study a
variety of interesting and important electrochemical and
electrocatalytic reactions.
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Figure 7. Electrochemical and mass spectral response of Pt electrode
during oxalic acid oxidation at ﬂow rates of 0, 0.105, 0.21, 0.844, and
2.11 cm3/s in an aqueous solution containing 0.5 M H2SO4 and 5.0
mM oxalic acid at a scan rate of 5 mV/s: (A) electrochemical current,
(B) O2 ion current (iO2, m/z = 32 amu), and (C) CO2 ion current
(iCO2, m/z = 44 amu).
Figure 8. Plot of limiting electrochemical current (if,lim) measured at
∼+0.6 V (vs Hg/Hg2SO4) versus limiting mass spectral signal for CO2
ion current (iCO2,lim, m/z = 44 amu) for oxalic acid oxidation at Pt
electrode at diﬀerent ﬂow rates in an aqueous solution containing 0.5
M H2SO4 and 5.0 mM oxalic acid.
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